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Abstract 

Exploiting the fact that Kaluza-Klein monopoles and the associated generalized orbifold planes are 
sources for geometrical fluxes, to, we show that the standard constraint cou = 0, valid for superstring 
compactifications on twisted tori, can be consistently relaxed. This leads to novel possibilities for 
constructing superstring models with fluxes and localized sources, as well as for stabilizing moduli. 
This also explains the ten-dimensional origin of a family of = 4 gauged supergravities, whose 
interpretation in type-IIA orientifold compactifications was lacking. 



1 Introduction 



Recent years have witnessed intense theoretical efforts and significant progress in superstring and M- 
theory compactifications with general systems of fluxes and branes (for recent reviews and references 
to the original literature, see e.g. [1]). However, much remains to be understood in view of a 
systematic classification of consistent vacua and their low-energy effective field theories, and of a 
systematic phenomenological analysis of those vacua most closely resembling the observed world. 

A rich spectrum of possibilities is offered, already at the classical level (i.e., before the inclusion 
of perturbative and non-perturbative corrections), by toroidal type-II orientifold compactifications, 
where we can simultaneously consider fluxes for the RR p-forms G*-^-' and for the NSNS 3-form 
if, as well as geometrical fluxes a; a la Schcrk-Schwarz [2]. The latter modify the topology of the 
internal manifold, which for this reason is also called 'twisted torus' in the literature. Recently, this 
type of fluxes has received a renewed interest in string compactifications for several reasons, such 
as the possibility to construct new gauged supcrgravities [3], stabilize moduli [4, 5, 6], improve the 
understanding of string dualities [7, 8] and consistency conditions [8, 9, 10, 11]. In the presence 
of 0-planes and D-branes, acting as localized sources, a number of stringent constraints must be 
satisfied, which can be interpreted as integrability conditions associated with the Bianchi identities 
(BI) of the different local symmetries. Until now, geometrical fluxes were restricted to obey the 
consistency condition [2] 

uju = , 

together with the integrability conditions coming from the BI of the RR and NSNS forms, involving 
the other fluxes and branes. In this letter we will show that the above condition is too restrictive. 
Using the fact that 5-|-l-dimensional Kaluza-Klein monopoles (KK5) and the associated generalized 
orbifold planes (KK05) are sources for geometrical fluxes, we will indeed show that, in the presence 
of these KK sources, the BI for geometrical fluxes modifles into 

duj + u!uj = Qkk ) 

where Qkk stands for the contribution of the KK sources. Using string dualities, we will also show 
that the last condition is equivalent to the well-known BI for the NSNS and RR forms. 

The modified BI above tells us that the integrability condition a;a; = can be relaxed by 
adding KK sources. This is analogous (actually dual) to what happens in the RR sector, where 
the non-trivial RR plus NSNS flux contribution to the BI is cancelled by the contribution of D- 
branes and 0-planes. The consistency of such constructions is also strengthened by the existence 
[4] of consistent N = 1 truncations of A/" = 4 gauged supergravities, derived from type-IIA, N = 1 
orientifold compactiflcations with NSNS, RR and geometrical fluxes, which do not satisfy [5] the 
quadratic constraint lolo = 0. The inclusion of KK sources allows to fill the gap and to understand 
the ten-dimensional origin of such gauged supergravities. 

Finally, we will conclude by discussing the importance that KK5 monopoles may have in various 
aspects of string compactifications. 

2 From KK5 monopoles to generalized twisted tori 

It is well known that NS5-branes can be identified as the magnetic sources dual to strings for the 
NSNS 2-form potential B. In compactifications on twisted tori, the corresponding BI gets modified 
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by a torsion term co, 

dH + L0H=[u5], (1) 

where [1^5] is the locahzed 4-form Poincare dual to the NS5-brane world- volume ur,, H is the 3-form 
field strength associated with B, and (more details on our notation can be found in [5]): 

LoH = ujgj,^ Hf.cd dx°- A dx^ A dx'^ A dx'^ . 

Here and in the following, we will ignore all numerical and a' factors related with charges and 
tensions. The Scherk-Schwarz [2] parameter^ w, often called geometrical (or metric) flux in the 
recent literature, corresponds to a background value for the spin connection, and satisfles the 
condition 

a;a; = 0, (2) 

which ensures the closure of the external derivative (d + cj), modified by the torsion in the new 
geometry. Requiring the brane to wrap a non-trivial cycle on the twisted torus corresponds to the 
constraint [8, 9] 

{d + [1/5] = , 

i.e. z/5 must be a non-trivial cycle in the cohomology constructed with the modified derivative 
{d + ui). The H components in the first term of eq. (1) are those sourced by the NS5-brane and 
by the bulk fluxes (the second term on the l.h.s.). They are not constant on the internal manifold, 
but have a singularity at the brane, according to Gauss law, in order to satisfy the BI and the 
equations of motion locally. However, since fields are periodic over the cycles of the original torus, 
these terms do not contribute to the integrability conditions. On the other hand, non-vanishing 
background fluxes for H contribute to the BI of eq. (1) with the extra torsion term uH: such term 
may give a non-trivial contribution to the integrability conditions, which must be compensated by 
the contributions from localized sources [z^s], as shown in [12] for the heterotic case^. This means 
that on twisted tori the total charge from NS5-branes can be non-zero, as long as it is eventually 
cancelled by fluxes, similarly to what happens for D-branes in the presence of RR and NSNS fluxes 
(see e.g. [13]). 

There exist also magnetic sources for H with negative charge and tension. From the effective 
field theory point of view, they are the NSNS analogue of what the orientifold planes are for the RR 
forms: they are non-dynamical codimension-four objects with a Z2 orbifold involution under which 
bulk fields have non-trivial internal parities. For instance, their existence can be deduced in the 
type-HB theory by S-duality. There is a string-string duality [14, 15, 16, 17] connecting the SO (32) 
heterotic theory on with the type-IIA theory on K3. As an intermediate step (see Table 1), we 
get a type-HB string theory with 32 D5-branes (16 D5-branes plus their orientifold images), two 
on each of the 16 05-plancs lying at the fixed points of T^/Z2. The D5-branes provide the matter 
fields dual to the U(l)"'^^ sector of the heterotic theory, while the 05-planes are there to cancel 
RR tadpoles and to halve the number of supersymmetries. Via S-duality, the D5-branes map into 
NS5-branes, which now carry NSNS charge. To cancel this charge, the 05-planes must map into 

^Our geometrical flux parameter corresponds to —f^ab in the notation of [2]. 

■^In [12] the non-trivial loH term was actually compensated by a topological instanton number Tr(_F A J^) from the 
bulk gauge sector: its contribution, however, is globally equivalent to that of a stack of NS5-branes. 
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Table 1: String-string duality chain between the heterotic theory on and the type-IIA theory on T'^ jZ^. 

The symbols " > " and " > " m,ean S-duality or T-duality along n directions (inside T^); Z'2, Z2 and Z2 
are the Z2 involutions of the 05 orientifold, of the NS05 orbifold and of the KK05 orbifold, respectively; 
the last line describes the system of branes/solitons providing the 16 N = A vector multiplets. 

some generalized orbifold planes (NS05) that carry negative tension and NSNS charge, and act 
non-trivially on the fields ([18], see also [19])- Then we must also include these contributions in 
eq. (1), which now reads 

dH + uH = QH, (3) 

where 

QH=Y.{\^^]+y^\) (4) 

is the sum of all the contributions from NS5-branes and NS05-planes ([t's]). Notice that the latter 
give a negative contribution to eq. (4), but we reabsorbed the negative charge coefficient in the 

definition of [1/°]. 

In the absence of fluxes, the integrability condition from eq. (3) implies that the number of 
NS5-branes must be 32, to cancel the contributions from the NS05-planes. This condition is just 
the dual of the RR-tadpole cancellation condition that ensures the cancellation of anomalies. In 
more general compactifications, however, with to and H fiuxes, the contributions from NS5-branes 
need not match the ones from NS05-planes, analogously to what happens in the RR sector in the 
presence of RR and NSNS fluxes. 

As the NSNS 2-form, also the graviton possesses its own magnetic source in ten dimensions: 
the Kaluza-Klein 5D monopole [14, 20]. Its geometry is described by the Euclidean 4D Taub-NUT 
metric embedded in lOD space-time [21, 22, 23, 20] 

dsl^ = rii^^^dx^dx'' + f-\r){dr^ + r'^dO^ + sin^ ed(t>'^) + fir){d^ + T^'^)^ , (5) 
where the indices /x, v span 5-1-1 space-time dimensions, and 

f{r) = (l + ^y\ = m{l- COS 9)d^. 

The above metric can be derived from the NS5-brane soliton background via T-duality [24, 25] 
(see also [26, 27]), which indeed rotates the metric and the i?-fleld. Eq. (5) is a solitonic solution 
of the lOD equations of motion that sources a flux for the graviphoton V^. This means that 
KK5 monopoles are the sources for the geometrical fluxes [7] 

u'l' = dV'l' = m sin Ode A d(j), (6) 

which thus satisfy the 'Bl-like' condition 

dw^ = [K,f, (7) 
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where [ks]'^ is the locahzed 3-form in the (r, 9, (/)) space dual to the world-volume of the KK5 
monopole. The components of u sourced by the KK5 monopoles are not constant — they must be 
singular at the monopole — but they are periodic over the torus cycles, therefore the l.h.s. of eq. (7) 
will vanish if integrated over a torus cycle. This means that the total KK charge must also vanish 
on the torus. Indeed, in analogy with what we recalled for the BI of H, also u possesses magnetic 
sources with negative charge, one example is provided by the Atiyah-Hitchin spaces [28]. They 
are solitonic (everywhere smooth) solutions of the lOD Einstein equations, which at large distances 
look like, up to exponentially small corrections (see also [29]), KK5 monopoles with negative charge 
(and tension), modded by an orbifold involution acting on the four orthogonal directions. Therefore 
eq. (7) will receive also contributions from these generalized orbifold planes (Kg), namely 



Prom the effective field theory point of view, these new objects can be considered just as orbifold 
fixed planes, which however carry negative tension and source a negative geometrical flux. The 
integrability condition from eq. (7) ensures that we must dress each of these KK orbifold planes 
(KK05-planes) with KK5 monopoles, to cancel the negative charge. The localized fields arising 
from each stack of KK5 monopoles provide the twisted sector of the orbifold. When all KK5 
monopoles are put on top of the KK05-planes, so that tensions and charges cancel locally, the 
internal manifold is flat, it is just a toroidal orbifold. The twisted sector is provided by the fields 
localized on KK5 monopoles, and the twisted cycles are those created by the KK5 with their 
orbifold images, which are indeed shrunk to zero size. An example of these configurations can 
be obtained by T-dualizing the type-IIB NS5-brane/NS05-plane configuration discussed above, 
which gives type-IIA on the T^jZ^ orbifold limit of K3, i.e. the outcome of the string-string duality 
chain mentioned before. On each of the 16 orbifold fixed points there are a KK05-plane and two 
KK5 monopoles (one KK5 plus its image), giving a shrunk 2-sphere and a massless U(l) vector 
multiplet. The vector field, which can be seen as the S0(2) truncation of the enhanced U(2) gauge 
group associated to the two KK5 [30] , comes from the RR 3-form over the shrunk sphere. When the 
KK5 monopoles move away from the KK05-planes, the localized fields describing the position of 
the KK5 monopoles acquire a VEV, the twisted cycles blow up and the internal manifold becomes 
a K3 at a generic point of its moduli space. The latter can thus be seen as a generic configuration 
of KK5 and KK05: indeed, the moduli space and the topology of K3 coincide with those of the 
KK system describing T^/Za [31, 32]. 

Now, if we compactify on twisted tori, we have to take into account also the contributions 
from background geometrical fiuxes, which turn on other components of w than those appearing in 
eqs. (7) and (8). Thus we expect that also eq. (7) and (8) get modified by a torsion term, analogously 
to the BI for H of eq. (3) . We can derive the modified BI by applying Buscher rules [33] directly to 
eq. (1). Indeed, under T-duality along one direction, say c, the components of the NSNS 3-form fiux 
along c map into a geometrical flux, a NS5-brane orthogonal to c goes into a KK5 monopole, with 
the flbered S\ along the dualized direction, and analogously NS05-planes map into KK05-planes, 
namely 




(8) 
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Hence eq. (3) goes into^ 



dw + UUJ = Qkk , 



(9) 



where 

Qi.K = E(N^ + ['^5]'^)- (10) 

We thus get also a non-trivial contribution from the background geometrical fluxes of the twisted 
tori, which now contribute non-trivially to the integrability conditions (9). This means that it is 
possible to have a non- vanishing total KK charge in a compact space, as long as lolj 0. This 
seems to be in contrast with the consistency condition of eq. (2). However, the topology in the 
presence of a KK5 monopole changes — a string wrapping the fibered circle 5*1 may unwrap passing 
through the tip of the monopole [34]. Eq. (9) suggests that, when (and only when) eq. (9) is 
satisfied, this change exactly compensates for the apparent clash with the closure of the external 
derivative. Having separately either a violation of eq. (2) or an uncancelled net KK charge in a 
compact volume would lead to a topologically inconsistent construction. However, when both are 
present and satisfy the integrability condition from eq. (9), the whole construction is consistent. 
Exactly as it works for the T-dual construction with NS5-branes and H fluxes on twisted tori 
discussed before. 

Another cross-check comes from 'S-duality' in type-HA. In the strong coupling limit, the type- 
HA theory uplifts to M-theory, developing a new dimension. KK5 monopoles in typc-IIA derive 
from KK6 monopoles in M-theory, when one of the worldvolume dimensions of the KK6 is com- 
pactified to a circle that shrinks to zero size [26]. Analogously, KK05-planes uplift to M-theory by 
adding a dimension in their worldvolume. Therefore, eq. (9) uplifted to M-theory should keep the 
same form, 

dio + ujLo = Qkk , 

with the only difference that now the space is clcvcn-dimcnsional. We can now recover type-HA in 
another limit, by shrinking a different circle to zero. If we identify the eleventh dimension with il^, 
the fibered of the KK6, the latter will produce a D6-brane in ten dimensions [20]; Atiyah-Hitchin 
spaces will give 06-planes [35] (see also [30]); u"^ will instead map into the RR 2-form flux G^^^ (see 
e.g. [7, 36]) since the RR 1-form C^^^ is given by the graviphoton V^. In this limit eq. (9) will then 
reduce to the type-HA equation 

+ uj G(2) = Qrr = ^ ([tts] + [<]) , (11) 

which is the BI for the RR form G^^^ in the presence of D6-branes (ttq) and 06-planes (vTg) on 
twisted tori [5]. Eqs. (9) and (11) have thus the same M-theory origin, confirming the consistency 
of compactifications with non-vanishing global KK charge, cancelled by geometrical fluxes with 
non-trivial uj to. 

Notice that in principle we could saturate the contributions from 06-planes by using fluxes 
instead of D6-branes, so that among the light degrees of freedom there is no extra localized matter 
fleld besides the bulk sector. Analogously, we could saturate the negative contributions from the 
KK05-planes with geometrical fluxes u and no KK5 monopoles. In this case the compactification 

^If u! is along the T-dualized direction, i.e. lj^^ it T-dualizes into a 'non-geometric' flux [7]: we will restrict 
ourselves here to geometric compactifications, but we will comment on the non-geometric case below. 
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would keep the orbifold involution, but without light twisted sectors! These compactifications thus 
provide deformations of the orbifold that stabilize/avoid the twisted fields. Consider, for instance, 

the family of AdS4 N = 1 supcrsymmetric vacua from the supcrpotcntial of rcfs. [4, 5] in the 
type-IIA theory compactified on the T^/{Z2 x Z2) orbifold, with 06-planes, generic fluxes and all 
untwisted bulk moduli stabilized; by saturating now the RR and KK BI just with fluxes, without 
D6-branes and KK5 monopoles, all moduli are stabilized, since in this case there are no extra light 
fields from the orbifold twisted sector nor from D-branes. 

We can also derive the intrinsic 06-orientifold parity of the KK5 monopoles by using M-theory. 
As mentioned before, the M-theory uplift of an 06-plane is an Atiyah-Hitchin space, which at large 
distances can be well approximated by a KK6 monopole solution with negative mass parameter m, 
with the 11th dimension identified with the Si of the monopole (^), and with a Z2 involution on 
the four orthogonal dimensions. The KK5 monopole of the typc-IIA theory comes from another 
KK6 in M-theory, this time extending along the ^ direction. Since this direction is odd under the 
Z2, the KK5 monopole worldvolume is odd under the 06-orientifold involution. This is analogous 
to what happens to D4-branes, which come from M5-branes wrapping the 11th dimension. This 
means that the KK5 monopole can only wrap 2-cycles that are odd under the 06 parity. In usual 
N = 1 compactifications on orbifolds or CY with 06-planes, all 2-cycles are odd with respect to the 
orientifold involution. Therefore, unlike NS5-branes, KK5 monopoles can be consistently included 
in iV = 1 orientifold string compactifications to four dimensions. In particular, this also means 
that, in the study of the effective action for the bulk moduli, in = 1 type-II compactifications 
with generic fluxes and branes, condition (2) can be relaxed by inserting KK5 monopoles. 

Finally, notice that eq. (9) nicely fits with the T-duality invariant form for the NSNS Bianchi 
identities (up to non-geometrical fluxes), namely 

'DV = Qns , (12) 

where V is the modified external derivative in the presence of geometrical and H fiuxes, 

V = d + u + HA , (13) 

Q Ns is the sum of the NSNS sources 

Qns = Qh + Qkk , 

and eq. (12) should be read as projected into a basis of forms. In particular, eq. (12) gives back 
eqs. (1) and (9). 

In the case of non-geometrical fiuxes we can guess that eq. (12) will continue to hold, with V 
replaced by the combination d + H + cj + Q + R (where Q and R are the non-geometrical fluxes 
T-dual to H and u defined in [37]), and with Qns receiving also contributions from the solitons 
(if they exist) sourcing Q and R fluxes. 

3 An example: the DKPZ solution 

In ref. [4], Derendinger, Kounnas, Petropoulos and one of the authors (DKPZ) derived the effective 
N = 1 superpotential for bulk moduli in a T^/{Z2 x Z2) type-IIA compactification with generic 
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NSNS, RR and geometrical fluxes, exploiting the underlying N = 4 supergravity that is present after 
the orientifold projection, but before the Z2 x Z2 orbifold projection. In particular, they found an 
AdS^ solution with exact = 1 super symmetry and all closed untwisted moduli stabilized. Later 
[5] it was realized that, although such vacua correspond to a consistent A'' = 4 gauged supergravity 
from the effective field theory point of view, they do not admit an interpretation in terms of 
geometric compactifications from ten dimensions with fluxes, D-branes and 0-planes. This is due 
to the fact that, in contrast with the hetcrotic theory [12], there does not seem to be a one-to- 
one correspondence between BI constraints from the compactification and Jacobi identities of the 
underlying = 4 gauged supergravity. While the fact that some of the compactifications cannot 
be viewed as N = A gaugings can be easily understood, in terms oi N = 1 D-brane configurations 
that realize part of the A'^ = 4 supersymmetry in a non-linear way, the A'^ = 4 gaugings without an 
interpretation in terms of compactifications from ten dimensions were not understood. In particular, 
the DKPZ AdSi vacua fail to satisfy eq. (2). We can now understand why it was not possible to 
obtain these vacua from compactifications with only fluxes and D6/06 sources: they also need KK 
sources. In the notation of [5], eq. (2) for the DKPZ setup reduces to the conditions 



where 101^2,3 correspond to some components of the geometrical fluxes. The first condition corre- 
sponds to a Jacobi identity of the underlying A^ = 4 gauged supergravity, which however does not 
require the second condition. The DKPZ AdS^ vacua have a;3 = but non vanishing coi and 0^2 ■ 
This means that the second condition is not satisfied, thus the compactification requires the exis- 
tence of a mismatch between the charges of KK5 monopoles and KK05-planes. In particular, it is 
easy to check that the number of required KK5 monopoles is less than the one needed to cancel the 
charge and the tension from the KK05-planes, i. e. the needed KK charge and tension are negative. 
In some sense, we need to remove part of the KK5 monopoles present at the T^/{Z2 x Z2) fixed 
points. Each of them must wrap one of the three factorized 2-tori (which are indeed odd under the 
orientifold involution), with fibered Si parallel to the 06-plane. The fact that the vacuum solution 
in the effective 4D theory is supersymmetric, and agrees with the constraints from N = A super- 
gravity, tells us that such KK5 monopole configurations preserve the same N = A supersymmetry 
as the 06-plane, as for D6-branes parallel to the 06-plane. 

It is also possible to check that, once the right number of KK5 monopole is removed, the effective 
potential derived by dimensional reduction (the contribution of the KK5 monopoles is discussed in 
[38]) agrees with the one dictated by supersymmetry and by the A'^ = 1 superpotential of [4, 5], once 
(and only once) eq. (9) is satisfied. In particular, the contributions to the effective potential for the 
closed string moduli coming from the tensions of KK5 monopoles and KK05-planes cancel against 
the extra contributions from the Einstein term, originating from the non-closure of the external 
derivative {ujlo ^ 0). KK sources and the possibility of violating eq. (2) thus fill the gap in the 
understanding of the lOD origin of the DKPZ type-IIA vacua and of the microscopic interpretation 
of the corresponding N = 4 gaugings. 

Notice that, as in the case of D6-branes, there also exist consistent KK5-monopole configurations 
that do not correspond to any A^ = 4 gauging, but preserve at least A'^ = 1 supersymmetry in four 
dimensions. They correspond to KK5 monopoles with the Si fiber orthogonal to the 06-planes, 



Us{uJ3 -OJl) 

a;2(w3 -<^i) 



= 0, 
= 0, 



(14) 
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giving a non- vanishing contribution also to the condition in the first Hne of eq. (14). When such 
KK5 monopoles are inserted (or removed) the corresponding vacua cannot be seen as a truncation 
of an = 4 gauged supcrgravity, analogously to what happens when D6-branes at generic angles 
are considered, as discussed in [5]. 

4 Outlook 

As mentioned before, by performing suitable Scherk-Schwarz twists, it is possible to add KK5 
monopoles to = 1 type-IIA compactifications with intersecting branes and fluxes. Besides 
relaxing the condition of eq. (2), and allowing for new vacua with geometrical fluxes, these new 
objects contribute to the effective action with extra matter fields localized on the KK5 monopoles. 
As in the case of D6-branes, each KK5 monopole gives an A'' = 4 vector multiplet in four dimensions 
(a non-Abelian group is generated if a stack of KK5 is considered [30]), eventually truncated by 
orbifold and orientifold projections and with mass terms from flux contributions. These extra 
matter fields can also be seen as arising from the bulk RR p-forms, calculated on the new cycles 
generated by the KK5 geometry, analogously to what happens in type-IIA on the /Z2 orbifold 
mentioned before, with fixed points resolved by KK5 monopoles and KK05-planes. 

There is a number of interesting aspects of these new compactifications that would be worth 
studying. First of all, they may add new phenomenologically relevant ingredients to the usual 
models with intersecting/magnetized branes, both because they allow to relax the condition (2) and 
because KK5 monopoles can generate extra matter fields at low energy. Moreover, KK5 monopoles 
might be a new source of SUSY breaking: changing their orientation with respect to other localized 
objects (such as 0-planes and D-branes) and/or turning on localized magnetic fluxes we expect that 
D terms may be generated, analogously to the case of usual D-branes. From a complementary point 
of view, it would be interesting to understand better the embedding of these new compactifications 
in the general classifications of gauged supergravities (see e.g. [39, 40, 41]) and of generalized 
geometries for superstring compactifications (see e.g. [42]). 

We focused here on type-II compactifications, but we could also consider heterotic and type-I 
theories on these new geometries. Since these string theories give at most = 4 supergravities 
in four dimensions and KK5 monopoles are BPS, thus breaking half of the super symmetries, a 
configuration with non-trivial KK charge, eventually cancelled by u fluxes, cannot be viewed as a 
A^ = 4 gauging in 4D, unlike type-II compactifications where BPS objects can be included in an 
A^ = 4 invariant way. This is the reason why in the heterotic and type-I theories the correspondence 
between BI and Jacobi identities of the A^ = 4 gaugings is one-to-one, while this is not the case in 
type-II or M-theory: with N = 1 supersymmetry in ten dimensions, the only N = 4 supergravities 
in four dimensions arise from compactifications without localized sources. This, however, does not 
forbid the construction of A^ = 2, 1,0 vacua in heterotic/type-I compactifications with non-trivial 
KK monopole charges. Finally, we did not discuss much the extension to non-geometrical fluxes 
(see e.g. [43, 37, 8]); it would be interesting to understand whether there exist analogous sources 
for non-geometrical fluxes too, and if they may allow to relax the corresponding BI constraints [37] . 
We leave all this to future work. 



8 



Acknowledgments 

Wc thank C. Angelantonj, M. Bianchi, G. Dall'Agata, C. Kounnas and M. Porrati for discussions 
and comments on the manuscript. We would hke to thank the organizers of the workshop Super- 
string Phenomenology and the Kavh Institute for Theoretical Physics in Santa Barbara for their 
kind hospitality. GV also thanks the Galileo Galilei Institute for Theoretical Physics for the hos- 
pitality and the INFN for partial support during the completion of this work. This research was 
supported in part by the European Programme "The Quest For Unification" , contract MRTN-CT- 
2004-503369, and by the U.S. National Science Foundation under Grant No. PHY99-07949. 

References 

[1] M. Grana, Phys. Kept. 423, 91 (2006) [arXiv:hep-th/0509003]; 
M. R. Douglas and S. Kachru, arXiv:hep-th/0610102; 

R. Blumenhagen, B. Kors, D. Lust and S. Stieberger, arXiv:hep-th/0610327. 
[2] J. Scherk and J. H. Schwarz, Nucl. Phys. B 153, 61 (1979). 

[3] L. Andrianopoh, R. D'Auria, S. Ferrara and M. A. Lledo, JHEP 0207 (2002) 010 [arXiv:hep- 
th/0203206]; 

L. Andrianopoh, R. D'Auria, S. Ferrara and M. A. Lledo, Nucl. Phys. B 640 (2002) 63 

[arXiv:hcp-th/0204145]; 

B. de Wit, H. Samtleben and M. Trigiante, Nucl. Phys. B 655, 93 (2003) [arXiv:hep- 
th/0212239]; 

G. Villadoro and F. Zwirncr, JHEP 0407, 055 (2004) [arXiv:hcp-th/0406185]; 

G. Villadoro, Phys. Lett. B 602, 123 (2004) [arXiv:hcp-th/0407105]; 

J. P. Dcrendinger, P. M. Petropoulos and N. Prczas, arXiv:0705.0008 [hep-th]. 

[4] J. P. Dcrendinger, C. Kounnas, P. M. Petropoulos and F. Zwirner, Nucl. Phys. B 715, 211 

(2005) [arXiv:hep-th/0411276]. 

[5] G. Villadoro and F. Zwirner, JHEP 0506, 047 (2005) [arXiv:hep-th/0503169]. 

[6] P. G. Camara, A. Font and L. E. Ibanez, JHEP 0509, 013 (2005) [arXiv:hep-th/0506066]. 

[7] S. Kachru, M. B. Schulz, P. K. Tripathy and S. P. Trivedi, JHEP 0303, 061 (2003) [arXiv:hep- 
th/0211182]. 

[8] G. Villadoro and F. Zwirner, JHEP 0603, 087 (2006) [arXiv:hep-th/0602120]. 

[9] F. Marchesano, JHEP 0605, 019 (2006) [arXiv:hep-th/0603210]. 

[10] M. Bianchi and E. Kiritsis, arXiv:hep-th/0702015. 

[11] O. Loaiza-Brito, arXiv:hep-th/0612088. 

[12] N. Kaloper and R. C. Myers, JHEP 9905, 010 (1999) [arXiv:hep-th/9901045]. 



9 



[13] S. B. Giddings, S. Kachru and J. Polchinski, Phys. Rev. D 66, 106006 (2002) [arXiv:hep- 
th/0105097]. 

[14] C. M. Hull and P. K. Townsend, Nucl. Phys. B 438, 109 (1995) [arXiv:hep-tli/9410167]. 

[15] M. J. Duff and R. R. Khuri, Nucl. Phys. B 411, 473 (1994) [arXiv:hep-th/9305142]; 
M. J. Duff, Nucl. Phys. B 442, 47 (1995) [arXiv:hep-th/9501030]. 

[16] E. Witten, Nucl. Phys. B 443, 85 (1995) [arXiv:hep-th/9503124]. 

[17] A. Sen, Nucl. Phys. B 450, 103 (1995) [arXiv:hep-th/9504027]. 

[18] D. Kutasov, Phys. Lett. B 383, 48 (1996) [arXiv:hep-th/9512145]. 

[19] J. Polchinski, "String theory. Vol. 2: Superstring theory and beyond," section 19.9, Cambridge, 
UK: Univ. Pr. (1998) 531 p. 

[20] P. K. Townsend, Phys. Lett. B 350, 184 (1995) [arXiv:hep-th/9501068]. 

[21] A. H. Taub, Annals Math. 53, 472 (1951); 

E. Newman, L. Tamubrino and T. Unti, J. Math. Phys. 4, 915 (1963). 

[22] R. D. Sorkin, Phys. Rev. Lett. 51, 87 (1983). 

[23] D. J. Gross and M. J. Perry, Nucl. Phys. B 226, 29 (1983). 

[24] M. Bianchi, F. Fucito, G. C. Rossi and M. Martellini, Nucl. Phys. B 440, 129 (1995) [arXiv:hep- 
th/9409037]. 

[25] H. Ooguri and C. Vafa, Nucl. Phys. B 463, 55 (1996) [arXiv:hep-th/9511164]. 

[26] E. Bergshoeff, B. Janssen and T. Ortin, Phys. Lett. B 410, 131 (1997) [arXiv:hep-th/9706117]. 
[27] D. Tong, JHEP 0207, 013 (2002) [arXiv:hep-th/0204186]. 

[28] M. F. Atiyah and N. J. Hitchin, Phys. Lett. A 107, 21 (1985); Phil. Trans. Roy. Soc. Lond. A 
315, 459 (1985). 

[29] G. W. Gibbons and N. S. Manton, Nucl. Phys. B 274, 183 (1986). 

[30] A. Sen, JHEP 9709, 001 (1997) [arXiv:hep-th/9707123]. 

[31] N. Scibcrg, Nucl. Phys. B 303, 286 (1988). 

[32] P. S. Aspinwall and D. R. Morrison, arXiv:hep-th/9404151. 

[33] T. H. Buscher, Phys. Lett. B 194, 59 (1987). 

[34] R. Gregory, J. A. Harvey and G. W. Moore, Adv. Theor. Math. Phys. 1, 283 (1997) [arXiv:hep- 
th/9708086]. 



10 



[35] N. Seiberg and E. Witten, arXiv:hep-th/9607163; 

N. Seiberg, Phys. Lett. B 384, 81 (1996) [arXiv:hep-th/9606017]. 

[36] G. Dall'Agata and N. Prezas, JHEP 0510, 103 (2005) [arXiv:hep-th/0509052]. 

[37] J. Shelton, W. Taylor and B. Wecht, JHEP 0510 (2005) 085 [arXiv:hep-th/0508133]. 

[38] E. Eyras and Y. Lozano, Nucl. Phys. B 546 (1999) 197 [arXiv:hep-th/9812188]. 

[39] J. Schon and M. Weidner, JHEP 0605, 034 (2006) [arXiv:hep-th/0602024]; 
M. Weidner, arXiv:hep-th/0702084. 

[40] B. de Wit, H. Samtleben and M. Trigiante, arXiv:0705.2101 [hep-th]. 

[41] F. Riccioni and P. West, arXiv:0705.0752 [hep-th]. 

[42] M. Grana, R. Minasian, M. Petrini and A. TomasieUo, arXiv:hep-th/0609124. 

[43] C. M. Huh, JHEP 0510, 065 (2005) [arXiv:hep-th/0406102]; 

A. Dabholkar and C. Hull, JHEP 0605, 009 (2006) [arXiv:hcp-th/05 12005]; 

G. Aldazabal, P. G. Camara, A. Font and L. E. Ibanez, JHEP 0605, 070 (2006) [arXiv:hep- 

th/0602089]. 



11 



